Abstract -Ultra wideband (UWB) positioning systems are increasingly used in indoor environments since commercial systems can provide 3-D accuracy of a few centimeters. Many applications exist in medicine for UWB positioning which includes tracking personnel, assets, and surgical navigation. We have designed a UWB positioning system with millimeter accuracy. Certain applications, including surgical navigation, have even more stringent accuracy requirements in the submillimeter range. Many challenges must be overcome to achieve sub-millimeter accuracy including indoor multipath interference, system clock jitter and drift, local oscillator phase noise, sampling-rate limitations, and phase center error. This paper discusses sub-millimeter accuracy in UWB positioning for medical applications and outlines key challenges faced in achieving it with our UWB positioning system. Solutions to these challenges are also outlined followed by a discussion of future work needed to integrate the entire system.
I. INTRODUCTION
Ultra-wideband technology has been utilized in low probability of detection radar and communications systems for decades since its inception from time domain electromagnetics in the 1960s [1] . Interest in UWB for unique indoor communications and positioning applications has skyrocketed since the FCC released its notice of inquiry in 1998 and then opened up the 3.1-10.6 GHz and 22-29 GHz frequency bands for UWB use in 2002 [2] . Consequently, there has been extensive research and development of UWB localization systems for a plethora of different applications including indoor short range, outdoor urban environments, asset tracking in manufacturing, biomedical-related tracking and navigation, hospital tracking of personnel and assets, low power, and integration with UWB high data rate and low data rate digital communications systems. High accuracy millimeter-wave indoor positioning systems fall into three general categories: (1) frequency modulated continuous wave (FMCW) where a narrowband phase locked loop oscillating sinusoid is used to create a chirp signal which can then be used in accurate ranging for positioning applications, (2) impulse-based (i.e. carrier-free) UWB where the UWB pulse is transmitted directly through the antenna without up-conversion, and (3) carrier-based UWB where a baseband UWB pulse is upconverted and then transmitted through the UWB antenna [3] . High 3-D positioning accuracy (0.5-20 cm) has been achieved for both carrier-based and impulse-based UWB positioning systems, although carrier-based systems have shown the potential for mm and sub-mm range accuracy even for dense indoor environments [3] .
A depiction of a typical indoor positioning system is shown in Fig. 1 where the base stations are connected to a master processing unit, and a reference tag is needed to bring the mobile tag into the 3-D global coordinate frame. The use of time difference of arrival (TDOA) for 3-D triangulation combined with the leading-edge detection at the UWB receiver help mitigate the stringent requirements needed in terms of base station synchronization and ranging sensitivity to dense indoor multipath interference. Although the system architecture shown in Fig. 1 is well known and has been implemented in other wireless positioning systems including global positioning systems (GPS), realizing this architecture for high accuracy indoor 3-D positioning has proven to be deceptively difficult. Central difficulties include indoor multipath interference, sampling-rate limitations, local oscillator phase noise, phase center effects, and system clock jitter and drift. Figure 2 shows an illustration of how a UWB positioning system could be integrated into an operating room for orthopedic surgical navigation (similar setups could be used for other types of surgical navigation systems). This paper is organized as follows: Section II discusses the challenges faced in achieving real-time sub-millimeter accuracy for indoor UWB positioning. Section III introduces our UWB positioning system and the various enhancements needed to achieve sub-millimeter accuracy. Section IV concludes and discusses future work in realizing the integrated, submillimeter UWB positioning system. 
II. CHALLENGES
Many challenges exist in achieving sub-millimeter accuracy for indoor UWB positioning which includes indoor multipath interference, sampling-rate limitations, local oscillator phase noise, phase center effects, and system clock jitter and drift. Figure 3 shows an indoor multipath UWB received signal and where typical peak and leadingedge ranging algorithms will detect the received signal. The ranging algorithm is fundamental to the achievable accuracy. Leading-edge detection [1] , [4] is the most robust to multipath interference. It is still difficult to achieve submillimeter 1-D ranging accuracy even with leading-edge detection. Also, unless additional signal processing is added, when performing leading-edge, the algorithm will fail when the signal-to-noise ratio drops below a predefined threshold (6 dB in our standard algorithm) [5] . This can be problematic in dense multipath indoor environments where pathloss restricts overall operating range.
Sampling rate limitations at the receiver must be examined in conjunction with the ranging algorithm. Figure  4 shows dependence of the overall 3-D accuracy on receiver sampling rate. In order to achieve mm 3-D accuracy, sampling rates >100 GSPS are needed. This can be achieved with a sub-sampling receiver architecture [3] . The use of conventional analog-to-digital converters (ADC), even if 5-10 GSPS, places an upper bound on the 1-D ranging accuracy of around 5 cm. Fig. 4 . Simulation using six base stations and 81 tag positions to quantify the accuracy dependence of the UWB positioning system on receiver sampling rate.
The non-coherent architecture of the current UWB positioning system places stringent requirements on phase noise specifications of the local oscillators at the transmitter and receiver. The use of a reference tag partially mitigates the local oscillator phase noise and temperature effects at the UWB receivers. Even with a reference tag, the phase noise presents a formidable challenge to achieving millimeter 3-D real-time accuracy. For example, when high phase noise carriers (e.g. free running voltage controlled oscillators) are used at the transmitter and receiver, 3-D RMS jitter of 18.8 mm is observed while 5.73 mm of 3-D RMS jitter is observed using low phase noise carriers (e.g high-end bench-top instruments) [3] . Low phase noise carriers are crucial to achieving sub-millimeter accuracy with a carrier-based UWB positioning system. As discussed in [6] , phase center variation is also a concern. With a single element Vivaldi antenna used at our UWB receiver, up to 10 mm of phase center movement can be experienced above angles of 30° in both the E and H cuts.
Finally, system clock effects must be understood and mitigated since the transmitter and receiver have different system clocks. This includes time scaling effects due to system clock drift which change across the view volume due to the differences in line-of-sight ranges between the tag and each base station. Clock jitter must also be mitigated. This can be done by using low noise crystals (e.g. OCXOs) in conjunction with averaging techniques which includes the use of a sub-sampling mixer and filtering of the time index values returned from each base station.
III. UWB POSITIONING SYSTEM
The proposed UWB positioning system to achieve submillimeter accuracy is shown in Fig. 5 . The major additions to the system over our current system [3] , [4] include dielectric resonator oscillators (DROs) for reduced phase noise at the transmitter/receiver, automatic gain control for increased operating range, a front-end bandpass filter to mitigate IEEE 802.11a/n interferers, adaptive leading-edge detection for system operation in low SNR and NLOS environments, and dynamic system calibration to mitigate adverse effects including jitter, system clock drift (time scaling), and cable length and phase center variation A DRO provides substantially lower phase noise LO signals compared to a free running voltage controlled oscillator (VCO), critical to achieving sub-millimeter accuracy. A series-feedback topology is used, which consists of a resonator network, a feedback element, a bias and an output matching network. The proposed architecture includes a high performance 100 MHz OCXO as the reference clock and a phase locked loop consisting of a phase detector, loop filter, voltage controlled DRO, and prescaler. Experimental results show a 40 dB improvement at a 1 kHz offset is obtained versus a commercially available free-running VCO [7] .
Automatic gain control can be implemented by combining a variable voltage attenuator, variable gain amplifier, and power detector controlled by the FPGA for 60-70 dB dynamic range improvement. Interference from high power sources (e.g. IEEE 802.11a/n WLAN) operating in the 5.725-5.875 GHz ISM band pose a significant concern for our UWB positioning system operating from 5.4-10.6 GHz. As discussed in [8] , a WLAN interferer is placed 2 m away from the UWB base station in a simulated environment. The high power source saturates the UWB receiver. A multi-stage bandpass filter using ground plane aperture techniques is needed in the RF front-end. Also, even though pulse distortion can be added by a bandpass filter, the leading-edge detection algorithm does not rely on pulse shape information, so this does not adversely affect the ranging performance. Adaptive leading-edge detection uses matched filtering and simple FPGA-optimized algorithms to detect line-of-sight versus non-line-of-sight and optimize the ranging algorithm accordingly. Also, adaptive leading-edge detection mitigates the 6 dB SNR limitation through addition of a matched filter before actual leading-edge detection.
Finally, integrated RF boards which have multiple monolithic microwave integrated circuits (MMICs) have been added for system integration and optimized RF performance, as shown in Fig. 6 . Another board was also designed for the RF portion of the tag. This minimizes the size of the RF front-ends at the tag and base stations, reduces power consumption, and optimizes performance. Fig. 5 . Proposed UWB system architecture which incorporates dielectric resonator oscillators for reduced phase noise, automatic gain control for increased operating range, a front-end bandpass filter to mitigate IEEE 802.11a/n interferers, adaptive leading-edge detection for system operation in low SNR and NLOS environments, and dynamic system calibration to mitigate adverse effects including jitter, system clock drift (time scaling), and cable length and phase center variation. 
IV. CONCLUSION AND FUTURE WORK
We proposed a UWB positioning system which achieves sub-millimeter accuracy. The current system operates in the 3.1-10.6 GHz band which has received enormous interest in designing UWB communication, imaging, and localization systems for a wide array of indoor applications with existing commercial devices and chipsets available. We also plan to build a system in the 22-29 GHz band which will have less indoor interference and allow for smaller circuit, chip, and antenna design. A critical aspect of future work is actual testing of the system in hospital environments. We are currently building a test bed system for extensive testing of our system in medical environments including the operating room and intensive care unit.
